The present study investigated the effect of 1 and 2% feed supplementation with biomass of Chlorella grown through heterotrophic fermentation on the concentration of total and individual carotenoids in egg yolks. A total of twenty-four Hisex Brown laying hens aged 56 weeks were included in the experiment. The layers were kept individually in cages. They were divided into three groups of eight birds and fed a diet typical for laying hens. Control birds (C) received only a basal diet, while experimental diets (P1 and P2) were supplemented with 1 and 2% (i.e. 10 and 20 g/kg) dry disintegrated Chlorella biomass. Egg yolk deposition of total carotenoids was significantly (P < 0.01) increased by 46% (P1) and 119% (P2). The rising curves of total carotenoids reached their plateau during the fourth experimental week. The respective values oscillated around 25 mg (P1) and 40 mg (P2) per g of yolk during the following weeks. Lutein and zeaxanthin were equally deposited and they represented more than 90% of total carotenoids in yolk. The deposition of carotenoids significantly (P < 0.01) increased the colour characteristics of yolks measured using the Roche Yolk Colour Fan scale. Supplementation with Chlorella biomass significantly decreased the egg yolk weight of P2 in comparison with P1 (P < 0.05) and C (P < 0.01). These effects were probably related to lower feed consumption in these hens. The daily feed intake per hen, as well as its consumption per egg, was lower by 5-7 g in both supplemented groups. Recalculation of the diet consumption per kg of egg and yolk mass eliminated these differences. There were no differences among laying hens in plasma concentrations of triacylglycerol and cholesterol.
Modulation of egg yolk colour characteristics by using diet components or feed additives has long been employed in farming laying hens. Synthetic carotenoids have extensively been used in many European countries since the 1990s in order to meet the requirements of consumers preferring eggs with colourful yolks. The current aim is to achieve the same effects using natural feed additives. Both carotenoids and oxycarotenoids, such as lutein and zeaxanthin, have been received more attention. Apart from the colouring effects, these "yellow" pigments have important biological functions. For example, lutein has antioxidant and immunomodulatory functions and positively influences the developing embryo as well as the hatched chick (Surai and Sparks, 2000; Koutsos et al., 2003) . Higher concentrations of lutein in the diet of laying hens enhance the immune response of birds vaccinated against infectious bronchitis (Bedecarrats and Leeson, 2006) . Lutein can also influence male reproduction parameters because its addition significantly increases sperm viability (Pizzei and Bedecarrats, 2007) .
Data on the importance for human health attracted interest in both pigments. Evidence has accumulated gradually since the end of the 1990s that both xanthophylls belong to the so-called macular pigments that protect the retina by selective light filtration. The majority of studies evaluated the association between the nutritional intake of lutein and protection of vision against age-related macular degeneration (Landrum et al., 1997; Granado et al., 2003; Resnikoff et al., 2004; Vishwanathan et al., 2009) . Importantly, both pigments are known to bear significant antioxidant effects in relation to cardiovascular diseases (Ribaya et al., 2004) . The high content of lutein and zeaxanthin in egg yolks can increase their nutritional value due to their good bioavailability (Handelmann et al., 1999) and eggs can then be considered functional foods, the so-called "designer eggs" (Bedecarrats and Leeson, 2006) . Typical diets for laying hens, in particular those based on wheat, do not provide adequate levels of lutein and zeaxanthin. Various additives containing these substances are therefore used. Natural sources employed for this purpose include, for example, microalgae (Frederiksson et al., 2006) , plant extracts (Karadas et al., 2006) , and different species of carrots (Hammershoj et al., 2010) .
In the present study, we used the freshwater algal species Chlorella as a source of carotenoids for laying hens. It is known that chlorococcal algae grown in an autotrophic way (i.e. outdoors) concentrate many plant pigments. They store not only chlorophyll but also a wide range of carotenoids including β-carotene. In the feed industry, they are donors of provitamin A as well as carriers of organic-bound trace elements such as selenium and iodine (Kotrbáček et al., 2004; Skřivan et al., 2006; Doucha et al., 2009; Svoboda et al., 2009) . Under conditions of heterotrophic culture (i.e. without sunlight) they synthesize less chlorophyll but some strains store more xanthophylls, including lutein (Shi et al., 1997) , zeaxanthin, and astaxanthin (Sun et al., 2008) .
The aim of the present study was to evaluate the possible use of algae grown heterotrophically as a natural source of xanthophylls in commercial diets for laying hens. We were interested in the dynamics of deposition of algal pigments into the yolk mass, their total concentration and spectrum following supplementation of birds with different levels of Chlorella in feeds. Experiments also determined the effects of supplementation on selected parameters of lipid metabolism of laying hens and on their production parameters.
MATeRiAl And MeThodS
A total of twenty-four Hisex Brown laying hens aged 56 weeks were divided into three groups per eight birds and fed a standard diet for laying hens (Table 1) . Control (C) received only a basal diet, while experimental diets (P1 and P2) were supplemented with 10 and 20 g/kg of dry Chlorella biomass. Doucha and Lívanský (2001) . The microalgal biomass was harvested by centrifugation, disintegrated, spray-dried, and stored in the dark at room temperature until use. Laying hens were kept individually in cages in a room with a 16-hour light-cycle. Feed and water were supplied ad libitum. Feed consumption was measured in individual groups at the end of the first experimental month and on day 54, i.e. at the end of the experiment. Live weights were measured individually at the start, after one month, and at the end of the experiment. The number of eggs and hens and their health status were observed daily.
laboratory analyses
Individual laying hens were examined with regard to the egg weights and the egg yolk weights. Colour characteristics of egg yolks were evaluated according to the colour scale of Roche Yolk Colour Fan (RYCF). Egg yolks were then lyophilized and mixed with the others from the weekly egg production of individual hens in order to determine the content of total and individual carotenoids with the high performance liquid chromatography (HPLC) using the Agilent 1100 Series system equipped with a UV-VIS diode-array detector (Agilent Technologies, Santa Clara, USA). Pigments were separated using a modified method of Van Heukelem and Thomas (2001) . The peak assignment was based on comparison of spectral characteristics with the known retention behaviour of photosynthetic pigments in reverse phase system and confirmed by characteristic mass spectral ions.
Prior to the experiment, hens had blood samples taken from the vena basilaris for the determination of triacylglycerols (TAG) and cholesterol (CL). These plasma values were also measured using an automatic analyser Konelab 20 (Thermo Electron Corporation, Vantaa, Finland) in samples obtained after one month and at the end of the experiment.
The feed dry-matter was determined by oven drying at 105°C to constant weight. The ash content of feed was determined by ashing at 550°C in a muffle furnace (AOAC, 1997). The fat content of feed was analyzed by extraction with petroleum ether in a Soxtec 1045 apparatus (Tecator Comp., Hoganas, Sweden). The crude protein content of feed was measured using a Kjeltec Auto 1030 Analyzer (Tecator Comp., Hoganas, Sweden). The calcium content of feed was analyzed in ashed samples by atomic absorption spectrometry (Solaar M-6; JTA Solutions, Cambridge, UK), and the phosphorus content was colourimetrically analyzed using a molybdate reagent (Huxtable and Bressler, 1973) . The determination of the content of total carotenoids of feed was similar to that of egg yolks, described above.
Statistical analyses
Restricted sample sizes made it necessary to use non-parametric statistical methods. Differences between controls and experimental groups in individual parameters were tested using the Kruskal-Wallis test together with post-hoc tests according to Steel-Dwass. The development of values during the experiment was evaluated with the Friedman test for One-way repeated measures analysis of variance and post-hoc WilcoxonNemenyi-McDonald-Thompson test (Hollander and Wolfe, 1999) using the code by Galili (http:// www.r-statistics.com/2010/02/post-hoc-analysisfor-friedmans-test-r-code).
ReSulTS
As shown in Figure 1A , the mean total carotenoids in egg yolks were already significantly higher in laying hens after one week of supplementation. The differences between controls (C) and groups P1 and P2 gradually increased during the next three weeks. Compared with controls, total carotenoids in egg yolks from groups P1 and P2 increased 1.7-and 2.4-fold, respectively by the end of the first month. These differences remained during the second month of the experiment with no considerable shifts in groups P1 and P2. The significant increase in total carotenoids was due to all pigments measured (Table 2) , with lutein and zeaxanthin contributing most ( Figure 1B,  1C) . Including a small proportion of their cis forms, these pigments represented more than 90% of all carotenoids deposited. The proportion of β-carotene in egg yolks was low despite its dynamic rise dependent on the supplementation with Chlorella during the experiment. Figure 1D shows that there was a significant increase in β-carotene of the P2 group after one week, while three weeks of supplementation were necessary for the concentration rise in the P1 group.
There were no differences in plasma TAG and CL concentrations between hens supplemented with Chlorella and controls (Figure 2A, 2B) . The rise in both parameters was observed at the end of the experiment in all groups of hens. Although it was higher in supplemented hens, differences were not of statistical significance due to data variability in these groups. Table 2 . Mean egg yolk carotenoids content (mean ± SD; µg/kg) during the whole experiment Table 3 demonstrates that the colour of egg yolks increased significantly with the rising concentration of carotenoids (P < 0.001). While the mean RYCF grade reached 4.1 in controls, groups P1 and P2 were characterized by values 5.0 and 6.1, respectively. Table 3 also presents the egg weight and the yolk weight. The mean egg weight was higher in the control group than in both experimental groups P1 and P2. The differences were, however, not significant. Interestingly, weight of egg yolk was significantly lower in P2 birds when compared with controls (P < 0.01) and P1 birds (P < 0.05). A reduction in feed consumption, although not statistically significant, was observed in hens fed with Chlorella. Significant differences among C, P1, and P2 groups were not found in feed consumption per kg of egg mass (2.00, 2.02, and 2.05 kg, respectively) and per egg yolk (7.65, 7.47, and 7.68 kg, respectively) . Throughout the experiment, the mean live-weight of hens was the highest and the lowest in the groups C and P2, respectively. Differences between groups were, however, not significant. Significant body weight changes during the experiment were found in hens from groups C and P2. While control birds were heavier at the end of the experiment (2.04 kg; P < 0.05), in P2 hens body weights decreased at the mid-period of the experiment (1.80 kg; P < 0.05).
diSCuSSion
As shown in Table 1 , the lower content of total carotenoids in the standard diet for hens was due to its composition, because it contained a greater proportion of wheat and less corn, i.e. the source of the yellow pigments, xanthophylls. Addition of Chlorella resulted in more than two-and threefold increases of total carotenoids in the diet for P1 and P2 hens, respectively (Table 1 ). The significant increase in total carotenoids of egg yolks produced by supplemented hens was, therefore, not surprising (Table 2) . Changes in the present study occurred more slowly compared with effects of synthetic carotenoids on the colour characteristics of egg yolks and the speed of pigment deposition (Leeson and Caston, 2004) . The effects are, however, comparable with those due to other natural sources of carot- Table 3 . Egg traits (mean ± SD) and statistical differences between groups enoids; for example, after supplementation of 2 g/ kg marigold extract or 20 g/kg alfalfa concentrate into wheat-barley diets fed to quails (Karadas et al., 2006) . Use of the marigold extract for 23 days resulted in a total carotenoid content of 39 mg/g in egg yolks. This corresponds with findings of the present study in P2 hens. The supplement of alfalfa concentrate produced lower values, i.e. 22.4 mg/g of egg yolk. This result is comparable with our P1 group ( Figure 1A ). There were, however, differences in the composition of the carotenoids. While the above authors mention the prevailing content of lutein amounting to 80% of total carotenoids, our hens deposited lutein and zeaxanthin equally ( Figure 1B,  1C) . Different varieties of carrots were also used as a natural source of carotenoids in laying hens (Hammershoj et al., 2010) . A two-week supplementation of commercial diets by Purple Haze carrots at the dose of 70 g per hen per day resulted in a maximum carotenoid value of 21 mg/g of egg yolk. Comparable results were achieved in this experiment in P1 birds early during the second week of the experiment and in P2 hens after one week of supplementation by algae. Figure 1A demonstrates that the rising curve reached the plateau level after about three weeks of supplementation. Compared with controls, in P1 and P2 hens the mean values of total carotenoids increased by 46 and 119%, respectively. The efficacy of transfer of algal pigments into egg yolks was not decreased when using a diet supplemented with higher levels of Chlorella. Experiments with lutein showed that this pigment can accumulate with a wide range of values depending on its content in feeds (Leeson and Caston, 2004; Leeson et al., 2007) .
The proportion of β-carotene in egg yolks of our control laying hens was not high ( Figure 1D ). The increase of this provitamin after supplementation with Chlorella was, however, rather dynamic. Its mean levels increased by one-third and even two-fold in groups P1 and P2, respectively, when compared with controls. A similar increase was reported after adding carrots rich in β-carotene, i.e. orange and purple ones (Hammershoj et al., 2010) . In agreement with the above reports, we assume that the increase was enabled by the sufficient addition of vitamin A into the standard diet (Table 1) . β-carotene supplied with Chlorella is, therefore, not converted into vitamin A and can be deposited in egg yolks.
High intake of both yellow pigments in Chlorella-supplemented laying hens resulted in colour changes of yolks (Table 3 ). Significant increases on the Roche Yolk Colour Fan were noted both in groups P1 and P2 when compared with controls as well as with each other (P < 0.01). Regarding commercial requirements, mean values from 5 to 6 were relatively low but they were comparable with the colour characteristics following addition of the same amount of alfalfa concentrate (Karadas et al., 2006) , and exceeded values obtained when providing various carrots (Hammershoj et al., 2010) . Values of TAG and CL in controls and experimental laying hens were statistically insignificant (Figure 2 ). The rise in both parameters at the end of the experiment occurred in all groups. However, the rise in these parameters was more marked in supplemented birds and, moreover, there was a high variability of both TAG and CL. Some birds showed signs of lipomobilization, including a body mass drop in P2 hens (P < 0.05), as opposed to the body weight gain in controls (P < 0.05).
As feed consumption was lower in P1 and P2 groups than in controls, feed conversion per egg was higher in experimental birds. These differences disappeared, however, after recalculating the data on feed consumption per kg of egg and yolk mass. The drop in feed consumption after addition of Chlorella was rather surprising. Its association with the intake of carotenoids can be excluded because even several-times higher doses of lutein did not influence feed intake by laying hens (Leeson et al., 2007) . Lower feed consumption was commonly reported after addition of voluminous components in feed for hens. For example, laying hens supplementation with 108 g of carrots daily decreased standard diet consumption by 16 g per day (Steenfeld et al., 2007) . Clearly, there are volume limits of the gastrointestinal tract. Addition of Chlorella powder to birds in this experiment, however, did not change the diet volume. It is well known that the dry disintegrated biomass can bind water and its content of microcrystalline and amorphous cellulose may slow down the passage of digesta through the gastrointestinal tract and influence the diet consumption in this way (Lipstein et al., 1980) . Group P2 birds consumed the least amount of diet and showed significantly lower egg yolk mass when compared with controls (P < 0.01) as well as P1 hens (P < 0.05). These findings correspond with data on lower diet consumption and a drop in egg yolk mass after supplementation of hens with 70 g of carrots (Hammershoj et al., 2010) .
